ABSTRACT. There is limited information about microRNAs (miRNAs) in H9N2 subtype influenza virus-infected chicken cells or tissues. In this study, 10,487,469 and 13,119,795 reads were obtained from infected and non-infected chicken embryo fibroblasts, respectively. Seven hundred and thirty-six and 1004 miRNAs, including mature miRNAs and precursors, were obtained from the infected and non-infected fibroblasts, respectively. Of those miRNAs, 48 were expressed differently between the groups: 37 had a low expression level in the infected chicken embryo fibroblast, and the remaining 11 had a higher expression level. Every miRNA was predicted to target immune response-related genes. It has been found that some of the miRNAs, such as gga-miR146c, gga-miR-181a, gga-miR-181b, gga-miR-30b, gga-miR-30c, ggamiR-30e, and gga-miR-455, are expressed differently in other types of influenza-infected chicken cells or tissues.
INTRODUCTION
Avian influenza viruses (AIV) are highly variable viruses (Guan et al., 1999 ) that can spread across species (Wan et al., 2008) . H9N2, the most common influenza virus in Asia, is an AIV that can infect humans (Guo et al., 1999; Peiris et al., 1999) , mice, and swine, as well as birds. In some animals, it can cause moderate disease. Infection in chickens typically leads to moderate respiratory symptoms and a serious drop in egg production (Naeem et al., 2003) . As a result of its prevalence and its impact on chickens, there have been large economic losses in poultry production, especially in chicken production. Thus, serious efforts have been made to develop new intervention strategies for controlling H9N2 infection and circulation. Various subtypes of AIV, such as H5N1 (Cong et al., 2007) and H7N9 (Liu et al., 2013) , can become highly pathogenic. As a result, more effective strategies are required to control AIV. microRNAs (miRNAs) are 19-25 nucleotide, non-coding RNAs that regulate the expression of their target messenger RNAs (mRNAs). Thousands of miRNAs have been mapped in the genomes of different organisms, including animals, plants, and microorganisms. Currently, 996 mature miRNAs and 734 precursors have been mapped in the chicken genome. They have roles in almost every life process such as growth, development, breeding, immune response, etc. (Burnside and Morgan, 2011; Powder et al., 2012; Meunier et al., 2013) .
Past research has identified several miRNAs as important to a host's immune response against AIV infection. Wang et al. (2009 Wang et al. ( , 2012 determined that the expression levels of many miRNAs are influenced by AIV infection; many miRNAs, such as gga-mir-146 and gga-mir-155, target immune-related genes. Additionally, Terrier et al. (2013) found that gga-mir-146a is an important gene in H1N1 and H3N2 influenza virus infections. There are great differences in the expression of miRNAs in H5N3, H1N1, and H3N2. The functions and pathways of miRNAs in different types of AIV may differ. In addition to the miRNAs already mentioned, other miRNAs, such as gga-mir-26a, which is responsible for regulating interleukin 2 in chicken lymphoma lines (Clark et al., 2011) , have been identified as regulators of immune-related genes.
Additional information can be obtained from these miRNAs through high-throughput miRNA sequencing, which has been utilized in miRNA research for many years. More specifically, this sequencing method is a good means of acquiring the sequence and expression information of selected functional miRNAs and their target genes.
Chicken embryo fibroblasts can be used to observe cytopathic effects and investigate immune-related gene expression when infected with the influenza virus; they are good model cells for influenza virus culture and research, and have been used for more than 50 years (Scholtissek and Rott, 1969) . They can also be used as a good model for studying immune responses in vitro (Barber et al., 2013) .
In this study, we used sequencing-by-synthesis with a paired-end 100 bp model in the HiSeq 2000 sequencer (Illumina, San Diego, CA, USA) to study the sequence information and expression levels of miRNAs in both AIV H9N2-infected and non-infected chicken embryo fibroblasts. The purpose of our research was to determine the miRNAs that are important for an immune response to AIV infection.
MATERIAL AND METHODS

Virus
The H9N2 avian influenza virus (Zhang et al., 2011) was propagated, and then a titer was conducted on a 9-day-old specific pathogen-free chicken embryo. The allantoic fluid was obtained 2 days after infection. The fluid was filtered using a 6-μm filter after freezing and thawing twice, and then stored at -80°C until required.
Fibroblast, virus infection, and cell collection
Three 7-day-old specific pathogen-free chicken embryos were euthanized. The fibroblasts were divided using a previously described method (Schat and Purchase, 1998) . Next, the fibroblasts were cultured in high glucose Dulbecco's modified Eagle's medium with 10% calf serum, and 24 h after division, the cells were passaged at a ratio of 1:4. The cells were then divided into two groups: one group was treated with a 100-μL solution of H9N2-infected allantoic fluid diluted with phosphate-buffered saline; the other group was treated with an equal volume of phosphatebuffered saline. When the virus-treated cells exhibited cytopathic effects, and 10% of them had been shed, the culture was collected to detect the virus titers using a blood agglutination test. If the titer of the virus test was higher than 2 5 , the cells were eluted with TRIzol (Invitrogen, Carlsbad, CA, USA), frozen immediately after isolation, and stored in liquid nitrogen for RNA isolation.
RNA isolation
The total RNA was isolated from the freshly frozen fibroblasts using TRIzol (Invitrogen), according to the manufacturer protocol. Following the RNA isolation, the DNA was digested using DNase I, according to the manufacturer protocol. The RNA samples of the same group were mixed according to the RNA number. The quality of the isolated RNA was assessed on a 1% agarose gel based on the relative abundance of the 18S and 28S subunits of ribosomal RNA.
RNA sequencing and bioinformatic analysis
RNAs were linked with T4 RNA ligase 2, reverse transcribed, and then purified by polyacrylamide gel electrophoresis. After enriching for molecules in the 17-35 nucleotide range by synthesis, the sequencing was carried out with a paired-end 100 bp model in a HiSeq 2000 sequencer (Illumina) at Sangon Biotech Co., Ltd.'s high throughput sequencing center.
The reads obtained from the sequence were analyzed by cutadapt-1.2.1 and quality score pretreatment, which included extracting adapter sequences and low-quality sequences.
Sequence annotation and known miRNA certification
The sequences of the chicken genome, non-coding RNAs, and mRNAs were downloaded from the ensemble database (http://www.ensembl.org/Gallus_gallus/Info/Index). The acquired reads were compared to the downloaded reads; those that were mismatched by only one nucleotide or those that matched perfectly were deleted. The rest of the reads were matched to the mature miRNAs in the miRBase database that allowed for one nucleotide mismatch. (http://www.mirbase.org/cgi-bin/mirna_summary.pl?org=gga).
Known miRNA analysis
The value of the reads per million (RPM) was analyzed as follows:
Novel miRNA prediction
Other sequences for mRNAs, transfer RNAs, ribosomal RNAs, small nuclear RNAs, small nucleolar RNAs, and miscellaneous RNAs were wiped off by comparing to the chicken's genome, and then novel miRNAs were predicted using the miRDeep2 algorithm. The results that were previously unknown were considered to be novel miRNAs.
Expression differences of miRNAs
The comparison of the expression levels of miRNAs was carried out by detecting different genes based on sequencing according to the method described by Audic and Claverie (1997) . For screening the different genes, P ≥ 0.05, and |Log2Fold changes| ≥ 1.
Enrichment analysis of target genes
The enrichment analysis of target genes was carried out by gene ontology (GO) and pathway enrichment analysis to determine the target genes and the possible roles of differently expressed miRNAs
RESULTS
Sequence analysis of small RNAs in chicken embryo fibroblast
To study the miRNAs involved in a chicken embryo fibroblast affected by influenza A virus H9N2 infection, two small RNA libraries were generated from the infected and noninfected chicken embryo fibroblasts. The libraries were sequenced by the Illumina small RNA deep sequencing platform. In total, 10,487,469 and 13,119,795 raw reads were obtained from the infected and non-infected fibroblasts, respectively. After filtering the low-quality sequences, adapter sequences, sequences with polyA, and sequences that were too long or too short, 4,652,861 and 8,387,816 clean reads of 18-35 nucleotides were selected for further analysis from the infected and non-infected fibroblasts, respectively.
The annotation of these clean reads revealed that 14,763 and 15,322 clean reads were attributable to miRNA in the infected and non-infected fibroblasts, respectively, whereas the remaining were coding regions, ribosomal RNAs, small nucleolar RNAs, transfer RNAs, miscellaneous RNAs, or small nuclear RNAs. Their distribution is illustrated in Table 1 , Figure 1 , and Figure 2 .
The size distribution of the small RNAs (primarily from 21 to 23 nucleotides) was similar in the two libraries (as shown in Figure 3) .
The comparison results of the most abundant miRNA in the two libraries are shown in cds = coding regions; rRNA = ribosomal RNA; snoRNA = small nucleolar RNA; tRNA = transfer RNA; miscRNA = miscellaneous RNA; snRNA = small nuclear RNA. Table 1 . Sequences, annotation, and known microRNAs (miRNAs) certification. Table 2 . Ten most abundantly expressed microRNAs (miRNAs).
Identification of known miRNAs in the chicken embryo fibroblast
To investigate the expression of known miRNAs in the chicken embryo fibroblasts, the sequencing results were compared with known mature miRNAs and precursors in miRBase (version 14, 2009 and version 19, 2012) . The results showed that 168 mature miRNAs from 145 precursors were found in the two libraries. Among these mature miRNAs, 21 were found exclusively in the infected chicken embryo fibroblast, and 50 were found exclusively in the non-infected chicken embryo fibroblast. Ninety-seven known miRNAs were expressed in both groups.
The following ten miRNAs were dominantly expressed in the two libraries shown in Table 2 . For the infected fibroblast, the most abundant miRNA was gga-miR-92-3p, which had 226,098 reads, followed by gga-miR-10b-5p and gga-miR-181a-5p, which had 133,809 and 49,446 reads, respectively. However, in the non-infected group, the most abundant miRNAs were gga-miR-92-3p, gga-miR-181a-5p, and gga-miR-10b-5p, which had 225,681, 176,864, and 32,990 reads, respectively. The RPMs of the miRNAs are shown in Table S1 .
Prediction of novel miRNAs
Forty-four novel miRNAs have been mapped in the chicken genome. From among these miRNAs, 22 were found in both groups, nine were found only in the infected fibroblast, and 13 were found only in the non-infected group. Fourteen miRNAs had reads greater than 500, all of which were expressed in both groups. The descriptions of the prediction of novel miRNAs are shown in Table S2 .
Differently expressed miRNAs in infected and non-infected fibroblasts
To survey the differences in miRNA expression, the expression information associated with the infected and non-infected groups was compared.
There were 48 miRNAs that significantly differed in expression between the case and control groups (Table 3) . Of these miRNAs, 11 were upregulated in the infected group, whereas the others had lower expression levels in the non-infected group. 
Target prediction and function annotation
The miRNA prediction results showed that each miRNA might target hundreds of genes. In fact, every miRNA might target immune response-related genes. The target genes of differently expressed miRNAs are shown in Table S3 .
The GO annotation enrichment results showed that the regulation of biological processes, cellular metabolic processes, and developmental processes were the most significantly enriched GO terms. The pathway analysis showed 17 pathways that were enriched with miRNA targets (Table 4 ). The top ten pathways were: ribosome biogenesis in eukaryotes, RNA transport, arginine and proline metabolism, ubiquitin-mediated proteolysis, protein processing in the endoplasmic reticulum, pyrimidine metabolism, basal transcription factors, ovarian steroidogenesis, the NF-kappa B signaling pathway, and SNARE interactions in vesicular transport. 
DISCUSSION
The Illumina deep sequencing platform is effectively used in discovering miRNAs and widely used for generating small RNA profiles in various organisms and cells (Langmead and Salzberg, 2012) .
Thousands of miRNAs have been identified as playing important roles in gene expression, while the exact role in influenza virus infection is still under investigation. Several studies have been carried out on high-pathogenicity influenza viruses, such as H5N1, H1N1, and H5N9.
In the present study, we obtained detailed miRNA profiles of both an influenza A virus H9N2-infected chicken embryo fibroblast and a non-infected chicken embryo fibroblast. To our knowledge, this is the first report that details the miRNA expression profiles of chicken cells infected with AIV H9N2. An inspection of the miRNAs revealed that the majority of the miRNAs that are similar to those expressed in this study are also found in H5N3-, H7N7-, or H1N1-infected chicken lungs or tracheas, although some are different.
The ten most abundant miRNAs present in the chicken fibroblast were as follows: ggamiR-92, gga-miR-181a, gga-miR-10b, gga-miR-10a, gga-novel-68-mature, gga-miR-214, gga-novel-1-mature, gga-miR-2954, gga-miR-222a, and gga-miR-100. gga-miR-92 has been found in avian macrophage cell lines HD11 and IAH30 (Yao et al., 2013) . In addition, ggamiR-181a-5p is important for the immune response to either AIV or Marek's disease virus infection (Yao et al., 2009; Lian et al., 2012) . Overall, it is considered to be a critical component of the immune system, particularly as it was identified to be an intrinsic modulator of T cell sensitivity and selection in T cell maturation and antigen recognition (Li et al., 2007) .
In other species, such as humans, many miRNAs have been identified as important factors in the immune response to AIV infection. For example, mir-15b has been found to regulate IP-10/CXCL-10 expression in H9N2-infected human umbilical vein endothelial cells (Chan et al., 2011) , and gga-mir-10b and gga-mir-10a are expressed in developing chicken immune organs (Hicks et al., 2009) . However, many miRNAs that are important in other influenza viruses do not differ, for example, mir-141, mir-21*, mir-100*, etc. (Lam et al, 2013) .
The result of the differential expression analysis indicated that 48 miRNAs were differently expressed in the infected and non-infected chicken embryo fibroblasts. Eleven of those were upregulated and the rest were downregulated in the infected fibroblast. Several of those miRNAs are differentially expressed in other types of influenza virus, as well as in other kinds of viral infections. For example, the expression of gga-mir-146c and gga-mir-155 has been found to influence H5N3 influenza virus infection (Wang et al., 2009 (Wang et al., , 2012 . Additionally, gga-mir-15b, -15c, -181a, -181b, -1456, -140, -26a, -30b, -30c, -30d, -30e, -455-5p , and -99a have been found to influence H5N9 AIV infection in chicken lungs and tracheas. Many miRNAs have been found in viral infections other than influenza. For example, gga-mir-26a, -30c, -30d, -181a, -181b, -221, and gga-let-7i are differently expressed in a normal T cell line and a Marek's disease-transformed T-cell line (Yao et al., 2008) .
The target gene prediction of the differentially expressed miRNAs, including ggamir-146c, gga-mir-155, gga-mir-26a, gga-mir-30c, gga-mir-30d, gga-mir-181a, gga-mir-181b, gga-mir-221, gga-mir-125b, gga-mir-1456, etc., revealed that they may all target immunerelated genes. Some miRNAs, such as gga-mir-30d, gga-mir-155, and gga-mir-140, are important in the immune response to AIV infection. However, others, such as gga-mir-26a, ggamir-15b, and gga-mir-10b, are important for a host's immune response to other viruses, such as Marek's disease virus, avian leukosis virus, and reticuloendotheliosis virus.
Most of the functions of these miRNAs and the mechanisms by which they act are still unknown, although gga-mir-146c has been identified as an inhibitor of the signaling proteins of the innate immune response controlled by NF-kappa B. Furthermore, gga-mir-26a in transformed avian lymphocyte lines regulates the expression of interleukin-2, which is an important factor in the development, differentiation, proliferation, and homeostasis of T cells (Xu et al., 2010) . Some other miRNAs, such as gga-let-7i, gga-mir-125b, gga-mir-221, and gga-mir-1456, have been reported to be critical components in leukosis viral infection (Li et al., 2012) . These results indicate that miRNAs may be important in virus infection or host immune responses.
Studies have revealed that mir-10b plays a significant role in breast cancer invasion and metastasis because it targets HOXD10, UPAR, and RHOC genes (Ma et al., 2007; Liu et al., 2012) . Furthermore, it is also an important regulator of other kinds of cancer metastasis, such as malignant glioma and gastric cancer (Ma et al., 2010) . It was highly expressed in the H9N2-infected fibroblast and differently expressed in the infected and non-infected groups in this study, which indicates that it could be an important regulator of viral infection. Additionally, it has been reported that mir-10a regulates the pro-inflammatory phenotype in atherosusceptible endothelium because it may inhibit HOXA1, , and VCAM-1 expression (Fang et al., 2010) . mir-10a is also highly expressed in naturally occurring regulatory T cells, and regulates T cell differentiation by targeting BCL6 and NCOR2. Further studies are required to clarify the roles of gga-mir-10b, -10a, and -181a in AIV infection.
gga-novel-1-mature may be a novel chicken miRNA or a virus miRNA. Not only was it highly expressed in the infected fibroblast, but it was also expressed differently between the infected and non-infected fibroblasts. Further studies are needed to better determine its prevalence and functions.
The results do not mean that all the differently expressed miRNAs are important in the immune response to viral infection. The most important function of some miRNAs may be in cell proliferation, apoptosis, other cell processes, etc. For example, gga-mir-126, ggamir-1456, and gga-mir-10b are differently expressed in the male and female gonads of chicken embryos. The results of pathway enrichment analysis show that miRNAs play an important role in regulating the cell cycle, such as ribosome biogenesis in eukaryotes, RNA transport, and arginine and proline metabolism, as well as the NF-kappa B signaling pathway, which is important for immune organ development, B cell maturation, and humoral immunity. Further studies are required to better understand the prevalence and functions of miRNAs.
